Abstract The role of cannabinoid receptors in inflammation has been the topic of many research endeavors. Despite this effort, to date the involvement of the endocannabinoid system (ECS) in inflammation remains obscure. The ambiguity of cannabinoid involvement may be explained by the existence of cannabinoid receptors, other than CB 1 and CB 2 , or a consequence of interaction of endocannabinoids with other signaling systems. GPR55 has been proposed to be a cannabinoid receptor; however the interaction of the endocannabinoid system with GPR55 remains elusive. Consequently this study set about to examine the effects of the endocannabinoids, anandamide (AEA) and virodhamine, on GPR55 mediated signaling. Specifically, we assessed changes in β-arrestin2 (βarr2) distribution and GPR55 receptor internalization following activation by lysophosphatidylinositol (LPI), the synthetic cannabinoid ligand SR141716A, and new selective synthetic GPR55 agonists. Data obtained from the experiments presented herein demonstrate that AEA and virodhamine modulate agonist-mediated recruitment of βarr2. AEA and virodhamine act as partial agonists; enhancing the agonist effect at low concentrations and inhibiting it at high concentrations. Furthermore, both virodhamine and AEA significantly attenuated agonist-induced internalization of GPR55. These effects are attributed to the expression of GPR55, and not CB 1 and CB 2 receptors, as we have established negligible expression of CB 1 and CB 2 in these GPR55-transfected U2OS cells. The identification of select endocannabinoids as GPR55 modulators will aide in elucidating the function of GPR55 in the ECS.
Discoveries of the CB 1 receptor, a G-protein coupled receptor (GPCR), and of an endogenous ligand which activates it, N-arachidonyl ethanolamine, named "anandamide" (AEA) for the Sanskrit word for "bliss (Devane et al. 1992) , have led to subsequent breakthroughs elucidating an endocannabinoid system (ECS) (Di Marzo et al. 1998) . Within the ECS, six endogenous compounds (Scotter et al., 2010) have been isolated thus far, and two receptors (CB 1 and CB 2 ) have been definitively characterized (Pertwee et al. 2010 ).
In the quest to understand the ECS, and to ascribe biological functions to one or both of these receptors, many different reporter assays and model systems have been employed. Results from these research efforts are often contradictory, suggesting that signal transduction via CB 1 and CB 2 is dependent upon the assay system. Furthermore, studies employing cannabinoid receptor knockout mice suggest the existence of additional cannabinoid receptors. Previous reports have proposed the existence of a third cannabinoid receptor, GPR55 (Ryberg et al. 2007; Lauckner et al. 2008 ). However, the reported profiles of ligands that activate and inhibit GPR55 are contradictory. For example, activation of GPR55 by the endocannabinoids AEA and virodhamine yielded inconsistent results. AEA was equipotent in activating GPR55, CB 1 and CB 2 receptors according to Ryberg et al (2007) , but much less potent in stimulating increases in intracellular calcium (Lauckner et al. 2008) . Previous findings from our laboratory indicated that AEA did not activate GPR55 (Kapur et al. 2009 ). Agonist activity of virodhamine at GPR55 with potency much higher than that observed for CB 1 and CB 2 (12 nM vs 2.9 μM and 381 nM, respectively) has been demonstrated (Ryberg et al. 2007 ). In contrast, other reports indicated that virodhamine was a low potency (3 μM) GPR55 agonist (Lauckner et al. 2008) . Virodhamine has also been reported to act as a partial agonist/antagonist at the CB 1 receptor and a full agonist at the CB 2 receptor (Porter et al. 2002) . Tissue levels of virodhamine and AEA have been measured in peripheral and brain regions (Porter et al. 2002) . Quantities of these two endocannabinoids were similar in most brain regions, except for brainstem and striatum where AEA was 2-to 4-fold higher than virodhamine. In peripheral tissues, the concentration of virodhamine was found to be 2-to 9-fold higher than AEA. Immune tissue such as the spleen exhibited almost 8-fold higher levels of virodhamine as compared to AEA. This difference in tissue levels may reflect the affinity of degradative enzymes, or uptake transporter mechanisms for these two ligands. Porter et al. (2002) have demonstrated that virodhamine inhibits AEA transport, indicating that these two endocannabinoids share common uptake mechanisms.
Localization of GPR55 to neutrophils has recently been reported (Balenga et al. 2011) . Furthermore, these investigators established that activation of GPR55 by LPI augmented the migratory response of neutrophils towards the endocannabinoid, 2-arachidonyl glycerol (2-AG). Since 2-AG is regarded as the primary endocannabinoid at the CB 2 receptor (Sugiura et al., 2000) , the findings by Balenga et al (2011) supported an interaction of GPR55 and CB 2 . In addition to the presence of GPR55 in neutrophils, it has also been localized to primary cultures of microglia, as well as to the murine microglial cell line, BV2 (Pietr et al. 2009 ). Furthermore, these investigators reported that lipopolysaccharide (LPS) and interferon gamma (IFN-γ), established activators of microglia, differentially modulated GPR55 and CB 2 expression levels. Both GPR55 and CB 2 mRNAs were found to be downregulated by LPS in both primary microglia and BV-2 cells (Pietr et al. 2009 ). However, IFN-γ activation resulted in the up regulation of GPR55 and CB 2 in BV2 cells and a down regulation in primary microglia. To elucidate the involvement of GPR55 in the inflammatory response, identification of endogenous compounds which antagonize known GPR55 mediated inflammatory events, such as migration, are imperative.
Our previous studies have demonstrated that the distribution of β-arrestin2 (βarr2) is an indication of GPR55 responsiveness. In the presence of agonist, GPR55 recruits βarr2 to the membrane. Consequently, this study set about to examine the effects of the endocannabinoids AEA and virodhamine on GPR55 mediated signaling. Specifically, we assessed the effects of AEA and virodhamine on changes in β-arrestin2 distribution and GPR55 receptor internalization following activation by LPI, the synthetic cannabinoid ligand SR141716A, and new selective synthetic GPR55 agonists which we identified from a non-biased screen for GPR55 activity.
Materials and methods

Reagents
Dulbecco's modified Eagle's medium (DMEM), Hanks' balanced salt solution (HBSS), fetal bovine serum, (FBS) and phosphate buffered saline (PBS, with or without Ca 2+ and Mg 2+ ) were purchased from Cellgro, Mediatech, Inc and Hyclone (Fisher). Triton X-100 was purchased from Fisher. G418 was purchased from A.G. Scientific, (San Diego, CA). Anti-HA mouse monoclonal antibody was purchased from Covance (Emeryville, CA). Alexa Fluor 568 goat anti-mouse antibody and zeocin were purchased from Invitrogen (Carlsbad,CA). LPI (L7635) and bovine serum albumin (BSA) were purchased from Sigma-Aldrich Corp, (St. Louis, MO). Virodhamine, (O-arachidonyl ethanol amine) and anandamide (N-arachidonylethanolamide) were purchased from Tocris Bioscience, (Ellisville, MO). SR141716A was obtained from the National Institute on Drug Abuse (NIDA) Research Resources Drug Supply System (Research Triangle Park, NC, USA). GPR55 selective agonists ML184 (CID 2440433), ML185 (CID1374043) and ML186 (CID15945391) were obtained from the SanfordBurnham Center for Chemical Genomics & John C. Reed (Kotsikorou et al. 2011 ).
Cell lines U2OS cells permanently expressing HA-GPR55E and βarr2-GFP (green fluorescent protein) were obtained from Drs. Larry Barak and Marc Caron (Duke University) and have previously been described (Kapur et al. 2009 ). Development of the CB 1 -HEK293 cell line is described in Tao and Abood (1998) and CB 2 -CHO cells in Showalter et al. (1996) .
RNA extraction, RT-PCR and quantitative real time PCR (qRT-PCR)
Total RNA was isolated from HA-GPR55E/βarr2-GFP U2OS, U2OS, CB 1 -HEK293 and CB 2 -CHO cell lines using TRIzol reagent (Invitrogen) and DNase treated using Rnase-DNA free kit (Qiagen,MD). RNA was quantified using spectrophotometry and quality was confirmed by formaldehyde-agarose gel electrophoresis. For cDNA synthesis, 1 μg total RNA was reverse transcribed using Superscript First Strand Synthesis System (Invitrogen). cDNA samples were amplified using the cycling program: 94°C for 7 min and 30 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min. The reaction products were analyzed on a 3% agarose gel for CB 1 and CB 2 expression.
Gene Expression for CB 1 and CB 2 in the cell lines was determined by qRT-PCR analysis using SYBR Green Master Mix (Applied Biosystems). Reactions were run on a 7,500 Real-Time PCR System (Applied Biosystems). Primers for qRT-PCR as as follows: CB 1 (forward: 5′-GACCATAGCCATTGT-GATCG-3′ and reverse: 5′GGTT TCATCAATGTGTGGGA 3′, 99 bp transcript), and CB 2 (forward: 5′-GACCGCCATTGACCGATACC-3′and reverse: 5′-GGACCCACATGATGCCCAG-3; 100 bp transcript). The cycling program was as follows: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1 min. Three independent experiments were performed for each gene and each experiment was performed in triplicate. Data are expressed as the average Ct value.
LDH Cytotoxicity assay
Lactate dehydrogenase (LDH) release was used as an indicator of cell membrane damage as a consequence of exposure to agonist and antagonist compounds. Supernatants from HA-GPR55E/βarr2-GFP U2OS cells were evaluated using the LDH Cytotoxicity Assay Kit (Cayman Chemical Company, MI). This colorimetric assay is based on the cleavage of a tetrazolium salt when LDH activity is present in the cell culture supernatant.
Briefly, cells were seeded at 50,000 cells/well onto a 96-well plate (BD Falcon ™) and grown to confluency. Confluent cells were deprived of serum for 24 h, at which time the assay was performed. Aliquots (100 μl) of supernatant and reaction mixture were transferred into corresponding wells of an optically clear 96-well flatbottom microtiter plate and incubated for up to 30 min at RT. The increase in enzyme activity directly correlates to the amount of formazan produced by the reduction of the tetrazolium salt. The absorbance was measured at 490 nm using a spectrophotometric microtiter plate reader (Wallac Victor 2, Perkin Elmer,USA). Background and negative controls were obtained by LDH measurement of assay medium and wells containing no cells. Unexposed cells represented the negative control whereas total cellular LDH release was obtained by treatment with 1% Triton X-100. Data from control and treated cells were normalized to total LDH release and calculated as percent cytotoxicity. The data represent the mean of two independent experiments, each using triplicate wells per drug treatment.
β-arrestin assessment of GPR55 activation U2OS cells permanently expressing HA-GPR55E and βarr2-GFP were seeded onto glass coverslips at 80-85% confluence and placed in 24-well plates (BD Falcon ™). Cells were maintained at 37°C in 5% CO2 overnight. Cells were washed briefly with Hanks' balanced salt solution (HBSS) before drug application. Experiments were performed using HBSS. Agonist-stimulated redistribution of βarr2-GFP was assessed following 40 min drug treatment at room temperature (RT). Cells were then fixed with 4% paraformaldehyde for 25 min at room temperature followed by three washes with PBS and one wash with double distilled water. The antagonism protocol included 15 min of pre-incubation with the antagonist, followed by a 40 min co-incubation of antagonist and agonist. Glass coverslips were mounted onto slides and imaged using a fluorescence microscope (Nikon E1000; Tokyo, Japan) using a 40X oil objective and 488 nm excitation for GFP.
Internalization assay, immunocytochemistry HA-GPR55E/βarr2-GFP U2OS cells grown on coverslips were incubated over ice for 40 min with a mouse monoclonal anti-HA antibody (1:500) diluted in PBS containing 3% bovine serum albumin (blocking buffer). This was followed by three washes (5 min at RT) and 40 min incubation with the secondary antibody Alexa Fluor 568 goat anti-mouse (1:1500 in blocking buffer). Antibody-labeled cells were treated with compounds for 40 min (RT) in HBSS. The antagonism protocol included a pre-incubation of 15 min (RT) with the antagonist compounds. Cells were fixed and imaged with fluorescence microscopy (as described above) using a 40X oil objective and 568-nm excitation for Alexa Fluor 568 antibody.
Confocal microscopy
Representative images of βarr2 recruitment and the internalization assays were visualized with a Leica DM IRE2 confocal microscope with a TCS SL system. For GFP visualization, the excitation wavelength was 488 nm and emission was captured at wavelengths between 475 and 575 nm; Alexa Fluor was excited at 561 nm, and emission was captured at wavelengths between 617 and 713 nm.
Data quantification and statistical analyses
The RGB color Images captured from the fluorescent microscope were transformed into 8-bit gray-scale images using the Automate-Batch function in Adobe Photoshop CS5. To quantify βarr2-GFP aggregates, Gray-scale images were processed through ImageJ software, (http://rsbweb.nih. gov/ij/), using a custom written plug-in provided by Pingwei Zhao (Temple University). Briefly, the plug-in extracts those pixels that generate objects of interest that fall within a predetermined range of sizes and intensities after varying local backgrounds are subtracted from the images. The assay's readout was based on the number of detected fluorescent spots representing pits of vesicles. Inhibition curves were analyzed by nonlinear regression using Graph-Pad Prism 5.0 software (GraphPad, San Diego, CA), and data was fitted to sigmoidal concentration-response curves to obtain IC 50 values. Activity values were normalized to the agonist's response (3 μM LPI or 30 μM SR141716A was considered as 100%). Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by a Dunnett's post-test. The data presented represents mean values±SEM. *<0.05; **<0.01, ***<0.001 are considered as statistically different.
Results
Virodhamine and AEA inhibit GPR55-mediated βarr2-GFP re-distribution Our previous study demonstrated that the distribution pattern of βarr2-GFP is indicative of GPR55 responsiveness (Kapur et al. 2009 ). Using this assay, three agonists at GPR55 were determined; LPI, SR141716A and AM251 with EC 50 values of 1.2 μM, 3.9 μM and 9.6 μM respectively. Importantly, the ability of these compounds to activate GPR55 was further validated in other downstream assays by our group and others (Kapur et al. 2009; Henstridge et al. 2009; Oka et al. 2007; Yin et al. 2009; Balenga et al. 2011) . Both AEA and virodhamine have been previously reported to activate GPR55 (Ryberg et al. 2007; Lauckner et al. 2008) . Another previous report utilizing a β-arrestin-based assay for readout demonstrated a weak response mediated by endocannabinoids at GPR55 (Yin et al. 2009 ). In our hands, however, AEA alone at varying concentrations of 0.1-30 μM did not result in recruitment of βarr2-GFP (Fig. 1c) . In contrast, virodhamine resulted in a weak recruitment of βarr2-GFP (Fig. 2c) . Since virodhamine appeared to function as a partial agonist, we examined the ability of both virodhamine and AEA to antagonize recruitment of GPR55-mediated βarr2-GFP trafficking. For the antagonist assay, cells were pre-incubated with AEA (0.01-30 μM) or with virodhamine (0.01-30 μM) 15 min prior to the application of the agonist (LPI or SR141716A) at the EC 90 concentration. As illustrated in Fig. 1a -c, application of AEA significantly inhibited the βarr2-GFP response mediated by the agonists. AEA elicited a concentration-dependent inhibition of LPI response with an IC 50 value of 5.91 (1.14-30.8) μM and a maximal inhibition of 20% (Fig. 1a) . AEA produced a concentration-dependent inhibition of SR141716A response with an IC 50 value of 12.0 (4.6-34.7) μM and a maximal inhibition of 65% (Fig. 1b) . Notably, at low concentrations, AEA enhanced the recruitment of LPI, and to a lesser extent, that of SR14716A (Fig. 1a and b) . Similar to AEA, pre-incubation with virodhamine resulted in a concentrationdependent inhibition of LPI and SR141716A with IC 50 values of 6.57 (1.58-27.4) μM and 9.44 (3.07-29.07) μM and maximal inhibition of 46% and 68%, respectively (Fig. 2a-c) . As seen with AEA, lower concentrations of virodhamine enhanced the recruitment mediated by LPI and SR141716A.
Virodhamine and AEA inhibit GPR55's internalization Receptor internalization upon ligand stimulation is a key component of a cell's response and allows a cell to correctly sense its environment (Grimsey et al. 2011 ). We and others have previously demonstrated the internalization pattern of GPR55 following agonist binding (Kapur et al. 2009; Henstridge et al. 2010) . In our studies we utilized an HAepitope tagged variant of GPR55 which permits visualization of accumulated HA fluorescence within centralized intracellular locations. To confirm the ability of virodhamine and AEA to inhibit GPR55 agonist mediated signaling, we evaluated their effects on the internalization process mediated by agonist-receptor binding. Cells were pre-incubated for 15 min with 10 μM AEA or 10 μM virodhamine prior to agonist application. The GPR55 internalization process was subsequently monitored. Figure 3a depicts membrane bound receptors upon treatment with vehicle (DMSO plus EtOH). As expected, application of either 3 μM LPI or 30 μM SR141716A resulted in a loss of membrane staining and the appearance of cytosolic fluorescent aggregates corresponding to internalized receptors (Fig. 3b, c) . While AEA alone revealed the presence of membrane bound receptors (Fig. 3g) , in the presence of agonist LPI (Fig. 3h) or SR141716A (Fig. 3i) , AEA markedly decreased receptor internalization. Similar to AEA, receptors were localized to the membrane following treatment with virodhamine alone (Fig. 3m) , whereas in the presence of LPI (Fig. 3n) or SR141716A (Fig. 3o) , virodhamine strikingly decreased receptor internalization. We have further tested the ability of AEA and virodhamine to decrease receptor internalization following application of newly identified selective agonists at GPR55. In a recent screen run in collaboration with the Molecular Libraries Probe Production Centers Network program, we have identified potent GPR55-selective agonists ML184, ML 185 and ML186 with EC 50 values of 263 nM, 658 nM and 305 nM respectively; βarr2 trafficking, phospholipase C recruitment and phosphorylation of ERK1/2 were used as measures of agonist activity (Kotsikorou et al. 2011; Heynen-Genel et al. 2010) . As illustrated in Fig. 3d-f , application of 5 μM of each of the ML compounds resulted in a significant increase of cytosolic fluorescent aggregates corresponding to internalized receptors. This response was largely attenuated following pre-incubation with either 10 μM AEA (Fig. 3j-l) or virodhamine (Fig. 3p-r) . Fig. 1 AEA inhibits agonist mediated βarr2-GFP distribution in U2OS cells coexpressing GPR55E and βarr2-GFP. Cells were pre-incubated with increasing concentrations of the antagonist (AEA) for 15 min prior to agonist application (3 μM LPI or 30 μM SR141716A). The response was normalized to the averaged response obtained by the agonist. Data are mean±SEM from three independent experiments performed in duplicate (*P< 0.05, **P<0.01, ***P<0.001). Since both AEA and virodhamine have been previously demonstrated to activate the well characterized CB 1 and CB 2 receptors (Pertwee et al. 2010; Porter et al. 2002) , it was important to rule out their involvement in the observed effects. In other words, we sought to determine that the inhibition of the agonist mediated signaling was attributed to AEA and virodhamine acting solely at GPR55. Using qRT-PCR we measured mRNA levels of CB 1 and CB 2 receptors in U2OS HA-GPR55E/βarr2-GFP cells (Fig. 4a-c) . Figure 4a depicts cDNA transcripts of eukaryotic 18S rRNA in wild-type U2OS, HAGPR55E/βarr2-GFP U2OS, CB 1 -HEK293 and CB 2 -CHO cell lines. The negative control for the PCR reaction contained no template mRNA (NTC). As illustrated in Fig. 4b , CB 1 and CB 2 receptor expression was not present in U2OS or HAGPR55E/ βarr2-GFP U2OS cell lines. A graph of the average Ct value corresponding to levels of CB 1 and CB 2 expression in their respective cell lines as compared to levels of expression in U2OS HAGPR55E/βarr2-GFP cells is shown in Fig. 4c . The relationship of Ct value is inversely proportional to the level of expression. As expected, low average Ct values were obtained for CB 1 in HEKCB 1 cells and CB 2 in CHOCB 2 cells. In HAGPR55E/βarr2-GFP U2OS cells, however, the average Ct values for CB 1 and CB 2 were 30 and 32 respectively, indicating that they do not express any significant levels of CB 1 or CB 2 receptors.
AEA and Virodhamine do not induce cell death
In this study we demonstrate that both AEA and virodhamine (10 μM and 30 μM), significantly attenuate agonist mediated β-arr2 recruitment and receptor internalization. One might argue that the high concentrations of antagonist compounds used may affect cell viability which would account for the reduction in GPR55's responsiveness. We therefore assessed cell viability using the lactate dehydrogenase (LDH) assay. LDH is a soluble enzyme located in the cytosol which is released into the surrounding culture medium upon cell damage or lysis, processes that commonly Fig. 2 Virodhamine inhibits agonist mediated βarr2-GFP distribution in U2OS cells coexpressing GPR55E and βarr2-GFP. Cells were pre-incubated with increasing concentrations of virodhamine for 15 min prior to agonist application (3 μM LPI or 30 μM SR141716A). The response was normalized to the averaged response obtained by the agonist. Data are mean± SEM from three independent experiments performed in duplicate (*P<0.05, **P<0.01, ***P<0.001). (a) Virodhamine inhibition of LPI. (b) Virodhamine inhibition of SR141716A. (c) Representative images, captured with confocal microscopy at 40x magnification depicting βarr2-GFP recruitment pattern are illustrated. Cells treated with vehicle and 30 μM virodhamine show that βarr2-GFP is homogenously distributed in the cytoplasm. Treatment with 3 μM LPI and 30 μM SR141716A resulted in cytosolic distribution of β-arr2-GFP which was largely attenuated following treatment with virodhamine correlate with both apoptosis and necrosis (Bonfoco et al. 1995) . The levels of LDH released into the culture media can therefore serve as a reliable measurement for cytotoxicity. Results of the LDH assay are summarized in Table 1 .
Cell death was induced by 1% Triton X-100 (Abood et al. 2001) , and was set to be total LDH activity (100%). As depicted in Table 1 , no significance difference in LDH activity was observed in control and treated cells. This indicates that inhibition of the agonist-mediated response rather than cell death underlies the reduction in both agonist mediated βarr2 recruitment and receptor internalization.
Discussion
Increasing amount of evidence suggests an important physiological role for GPR55 (Andradas et al. 2011; Staton et al. 2008; Whyte et al. 2009; Huang et al. 2011; Pineiro et al. 2011) . Recently GPR55 has been demonstrated to play a significant role in inflammation where it interacts with the well characterized CB 2 receptor (Balenga et al. 2011) . While lysophosphatidylinositol, LPI, has been repeatedly reported as an endogenous ligand at GPR55 (Bondarenko et al. 2011; Kapur et al. 2009; Henstridge et al. 2009; Henstridge et al. 2010 ) the role of endocannabinoids, known activators of the well characterized cannabinoid receptors (CB 1 and CB 2 ), in regulating GPR55 is poorly understood. Moreover, no specific and selective antagonists have been identified at GPR55, thus preventing a more thorough understanding of GPR55's physiological role. The availability of high potency antagonists will facilitate the study of the biological roles of this receptor. In this study we employed the previously characterized βarr2 recruitment assay as readout for receptor responsiveness (Yin et al. 2009; Kapur et al. 2009; Vrecl et al. 2009 ). Briefly, upon activation by agonist binding receptors undergo deactivation or "desensitization" by binding of the βarr2 protein to the activated receptor. The GPCR-βarr2 complex internalizes, the ligand is removed and the receptor is recycled back to the cell membrane. Localization of the fluorescently labeled βarr2 can be monitored by image analysis. It is important to note that the calculated IC 50 's of tested compounds are probably 5-8 fold higher than the actual binding affinities (K i ) of the compounds. Nonetheless, in the absence of an established radioligand binding assay for GPR55, the βarr2 recruitment assay provides a reproducible readout of receptor responsiveness.
Data obtained from the experiments presented herein demonstrate that AEA and virodhamine modulate agonistmediated recruitment of β-arrestin. AEA and virodhamine act as partial agonists; having no detectable response (AEA) or a weak response (virodhamine) on their own, enhancing the agonist effect at low concentrations yet inhibiting it at high concentrations. The binding site of LPI at GPR55 has recently been proposed, whereby agonists adopt an Lshaped conformation for receptor activation (Kotsikorou et al. 2011) . It is possible that AEA and virodhamine may interact with some of the same residues required for receptor activation, thus producing partial agonism; but at higher concentrations of these ligands, they interfere with LPI binding, inhibiting receptor activation. Since virodhamine and AEA have been shown to activate CB 1 and CB 2 receptors (Pertwee et al. 2010; Porter et al. 2002) , one might argue that AEA and virodhamine responses reported here are a consequence of CB 1 and/or CB 2 activation. Therefore we performed qRT-PCR analysis of HAGPR55E/βarr2-GFP cells. The qRT-PCR data clearly indicate that HAGPR55E cells do not express CB 1 nor CB 2 receptors. Furthermore, to ensure that AEA and virodhamine are not cytotoxic, an LDH assay was performed. The lack of detectable levels of released LDH from cells exposed to AEA and virodhamine indicate that neither AEA nor virodhamine are toxic to the cells at concentrations employed in this study. Together, the results from qRT-PCR analysis and the LDH assay support receptor mediated antagonism of GPR55E/βarr2-GFP cells by both AEA and virodhamine via GPR55 receptors. It appears that the modulation of GPR55 by cannabinoid compounds extends to other structural classes of ligands. Previously, we and others have demonstrated that the synthetic CB 1 /CB 2 agonist CP55,940 acts as an antagonist/partial agonist at GPR55 (Henstridge et al. 2009; Kapur et al. 2009; Pineiro et al. 2011) . CP55,940 blocks GPR55 internalization and the formation of β-arrestin-GPR55 complexes; CP55,940 produces only a slight amount of protein kinase CII membrane recruitment but does not stimulate membrane remodeling like LPI, AM251 or SR141716A (Kapur et al. 2009 ). Recently, a number of cannabinoids were Values represent means, expressed as a percentage of total LDH activity induced by 1% Triton X-100. Supernatants of vehicle-and ligand-treated GPR55E U2OS cells are similar to each other in that they demonstrate little to no cellular damage, 7% and 6-9% of LDH activity, respectively. evaluated in the AlphaScreen SureFire ERK1/2 phosphorylation assay, where they were found to modulate the effect of LPI (Anavi-Goffer et al. 2012) . AEA and virodhamine were not evaluated by these authors. Previous reports of virodhamine as a partial agonist at CB 1 and full agonist at CB 2 support the role of virodhamine in modulating cannabinoid receptor function (Porter et al. 2002) . Our finding of partial agonist/antagonist activity at GPR55 in βarr2 trafficking further support a role of GPR55 in modulating cannabinoid function. In so doing, GPR55 activity may be the key in balancing the involvement of the ECS in the inflammatory process. During inflammation, the levels of LPI and the endocannabinoids are increased (Walter and Stella 2004; Ford et al. 2010 ). In two independent studies with a neuropathic pain model, increases in both AEA and 2-AG were demonstrated (Mitrirattanakul S et al., 2006 , Petrosino et al., 2007 ; further supporting the involvement of endocannabinoids in inflammation. Hence, it is possible that in the presence of AEA or virodhamine, the overall response of LPI in inflammation could be muted via GPR55. AEA inhibition of SDF-1 induced migration of CD8+ T-lymphocyte was demonstrated by Joseph et al. 2004 (Joseph et al. 2004 ). These investigators found that AEA-induced inhibition was CB 2 -mediated as the CB 2 agonist, JWH133, also prevented migration of CD8+ T lymphocytes. Our finding that AEA acts as an antagonist at GPR55 lends support for the involvement of GPR55 in inflammation. Perhaps AEA acting at GPR55, and not at CB 2 , will permit migration of lymphocytes aiding in the development of an inflammatory response, and/or a balance between pro-inflammatory and anti-inflammatory effects of the ECS. This is supported by a previous report that activation of GPR55 by LPI diminishes both de-granulation of neutrophils and reactive oxygen species production via suppression of Rac2 whereas CB 2 activation results in activation of Rac2 (Balenga et al. 2011) . Thus, crosstalk between GPR55 and CB 2 has been suggested to be important in finetuning the immune response to prevent excessive tissue injury (Irving 2011) .
Previous studies have documented that GPR55 -/-mice were protected in models of neuropathic and inflammatory pain (Staton et al. 2008 ). In the partial nerve ligation model of neuropathic hypersensitivity, GPR55 -/-mice of both sexes failed to develop mechanical hyperalgesia up to 28 days post-ligation. In mechanical hyperalgesia induced by intraplantar administration of Freund's complete adjuvant (FCA), inflammatory mechanical hyperalgesia was completely absent in male GPR55 -/-mice up to 14 days postinjection, while female GPR55 -/-mice were protected for 1 day. Cytokine profiling experiments showed increased levels of IL-4, IL-10, IFN γ and GM-CSF in paws from the FCA-injected GPR55 -/-mice when compared with the FCA-injected GPR55 wild-type mice (at 1 and 14 days postinjection for the female and male mice, respectively). This suggests that GPR55 signaling can influence the regulation of certain cytokines and this may contribute to the lack of inflammatory mechanical hyperalgesia in the GPR55 -/-mice. These data suggest that GPR55 antagonists may have therapeutic potential in the treatment of both inflammatory and neuropathic pain.
Further studies are required to determine more precisely the role of GPR55 in inflammation, but the identification of select endocannabinoids as GPR55 modulators will aid in elucidating the function of GPR55 in the ECS, as well as the role of the ECS in the process of inflammation.
